Draft version February 5, 2008 

Preprint typeset using I^T^X style cmulateapj v. 10/09/06 



O 
O 

(N 

u 
< 
(N 

> 
ON 
00 

o 
o 

O 

a: 

6 



13 
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ABSTRACT 

Ram pressure stripping may be the dominant mechanisms driving the evolution of galaxy colors in 
groups and clusters. In this paper, an analytic model of ram pressure stripping is confronted with 
observations of galaxy colors and star formation rates in groups using a group catalog drawn from 
the Sloan Digital Sky Survey. An observed increase in the fraction of galaxies residing on the red 
sequence, the red fraction, with both increasing group mass, M gr , and decreasing satellite luminosity, 
L sat , is predicted by the model. The size of the differences in the red fraction can be understood 
in terms of the effect of the scatter in satellite and cluster morphologies and satellite orbits on the 
relationship between M gr and L sat and the stripped gas fraction. Observations of the group galaxies' 
H5 and 4000A break spectral measures and a comparison of the distribution of SFR/M* for star 
forming galaxies in the groups and in isolation both indicate that the color differences observed in the 
groups are the result of slowly declining SFRs, as expected if the color change is driven by stripping 
of the outer H I disk. 

Subject headings: galaxies: evolution — galaxies:clusters:general 



1. INTRODUCTION 

Galaxies in clusters have earlier type morphologies, 
redder colors, and lower star formation rate s (SFRs) than 
galax i es in the field of si milar luminosit y ([Gomez et al.l 
I2003t iGoto et alJ 120031 : iDressler I 119801) . Galaxies in 
groups and clusters formed both earlier and in denser en- 
vironments than their field counterparts. Cluster galax- 
ies may therefore naturally appear older than field galax- 
ies. In addition, group and cluster g alaxies are more 
likely to have undergone major mergers (iGottlober et al] 
20011) and are susceptible to harassment (iMoore et alj 
" 1998h and interactions with the ICM (jGunn fc Gottl 
1972). These interactions with the environment work 



to transform blue, late-type galaxies into red, early-type 
galaxies. 

Several recent observational studies have explored the 
relationship between g alax y properties a nd en vironment . 
iBlanton et all (|2005bl ) and iHogg etHI (|2003h study the 
dependence of environment on galaxy properties and 
find that bright, red, and concentrated galaxies pre- 
fer to reside in environments with higher densities. 
Large galaxy surveys have revealed strong bimodalities 
in both stellar properties; color, SFR, 4000 A break; 
and structural properties; concent r ation, central surface 
brightness, fin. ([Baldrv et al. 2004; Blant on et al.ll2003at 
Kauff mann et all l2003at iLi et all [2006; Stratcv a et all 



2003f h As the local density increases the fraction of 



galaxies fo und in the red and high concentration modes 
increases (Kauffm ann et all I2004D , and galaxies in the 
red or high concentration modes are more cluste red than 
galax ies in the blue or low concentration modes (|Li et al.l 
l200l . 

Galaxy properties are strongly related to each other 
as well as to the local environment. Bivariate distribu- 
tions of Mi, g — r color, central i-band surface bright- 
n ess, Ui, and the i-ban d Sersic index, m, are shown 
in lBlanton et a l. (2005b). Galaxies tend to be either blue 
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with low concentrations or red with high concentrations. 
In addition, the average 4000A break, g-r color, concen- 
tratio n, and all monotonic ally increase with stellar 
mass (Kauffmann et al.l l2003bf ). Understanding the ef- 
fect of environment on galaxy evolution requires study- 
ing the effect of environment on both the distribution 
of galaxy properties and on the relationships between 
galaxy properties. 

Three separate studies show that the relationship 
between color and environment is stronger than the 
relationship between concentration and environment. 
IBlanton et alj (|2005bf ) demonstrate that the observed re- 
lationship between and environment is reproduced 
when galaxies are assigned new local densities based on 
their g — r colors and i-band magnitudes, Mi. However, 
the observed relationship between color and environment 
cannot be repr oduced by assigning local densities based 
on rii and Mj. Kauffm ann et al.l (|2003bf ) show that the 
relationship between concentration and stellar mass de- 
pends on the local environment only weakly and only at 
low stellar masses, M* < 3 x 10 10 M Q . In contrast the 
relationship between the 4000A break or the SFR and 
the stellar m ass shows a stro ng dependence on the local 
environment. ILi et al.l (|2006l ) study the correlation func- 
tion, in bins of luminosity, for galaxies belonging to the 
different galaxy modes. Galaxies that are red, have large 
4000A breaks, high concentrations, or bright /i all have 
enhanced correlation functions on scales less than 5Mpc. 
However, for galaxies that are red and have large breaks, 
the enhancement is larger and extends to larger scales. 

If environment causes galaxy colors to evolve, then 
the timescale on which evol ution occurs is a c lue to 
the processes re s ponsib le. Kauffmann et al.l (|2004f ) 
and iBalogh et alj (|2004f ) both study the timescale over 
which ga laxies' colors evolve and come to different con- 
clusions. rKauffman n et all (|2004l ) compare Sloan Digital 
Sky Survey (SDSS) spectra to stellar evolution models 
and observe that the absence of galaxies with strong H<5 
for their 4000A break strengths argues against the pre- 
dominance of any process that truncates star formation 
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on tim escales less than a Gyr. In contrast. iBalogh et al.l 
(2004) use observations of Ha equivalent widths to ar- 
gue against slowly evolving SFRs. While they observe 
an increase in the fraction of non-star forming galaxies 
in high density environments, they do not see a down- 
ward shift in the W(Ha) distributions for either actively 
star forming galaxies or galaxies with blue colors. These 
observations indicate that galaxies pass quickly from the 
star forming to the non-star forming populations. 

Ram pressure stripping of galaxies in groups and clus- 
ters is one process that ca n trunc ate star formation and 
redden galaxies. Hester (2006) (Hereafter, Paper 1) 
presents a model of ram pressure stripping that predicts 
the fraction of the gas that is stripped from the outer 
H I disk and the hot galactic halo. This fraction depends 
primarily on the ratio of the galaxy's mass to the mass 
of the group or cluster in which it orbits and secondly on 
several descriptive model parameters. 

In this paper, the importance of ram pressure stripping 
is examined by combining the predictions of the model 
presented in Paper 1 with observations of galaxy groups 
in the SDSS. The group catalog us ed here was assemble d 
by A. Berlind and is presented in iBerlind et al.1 (2006). 
It is reviewed briefly in § [5J The predictions of the model 
for the galaxy and group masses of interest are presented 
in § 13.11 In § 13.21 the timescale on which the SFR de- 
clines after a galaxy is stripped of the gas outside its 
inner star forming disk is discussed. In §|H observations 
of the groups are compared to past observations and to 
the model of ram pressure stripping. The timescale of the 
decline in the SFR in the groups and the role ram pres- 
sure stripping may play in determining general trends in 
galaxy properties are also examined. § [5] concludes. 

2. THE GROUP CATALOG 

Th e Sloan Digital Sky Survey (SDSS) (|York et all 
2000) is conducting an imaging and photometric sur- 
vey of n sr in the northern hemisphere as well as 
three thin slices in the southern hemisphere. Observ- 
ing is done using a dedicated 2.5m telescope in Apache 
Point, NM. The telescope operat es in drift scan mod e 
and observes in five bandpasses ijFukugita et al.lll996[) . 
Magnitude cali bration is carried o ut using a network of 
standard stars ([Smith et al.ll2002T ). Three sets of spec- 
troscopic targets are selected automatically, the main 
galaxy sample, the luminous red galaxy sample, and 
the quasar sample (IStrauss et al.1 [20021 : lEisenstein et al.1 
l200lURichards et al.ll2002l ). Objects in the main galaxy 
sample have Petrosian magnitudes r' < 17.7 and 
are classified as extended. Magnitudes are corrected 
for galactic extinction using the re ddening maps of 
iSchlegel. Finkbbeiner. fc Davis! (|1998f ) prior to selection. 
Spectroscopy is taken using a pair of fiber-red spec- 
trographs, and targets ar e assigned to fibers u sing an 
adaptive tiling algorithm (Bla nton et al.ll2003dh . Data 
reduction for the SPSS is done using a series of au- 
tomated pipelines (iHogg et alj 120011: llvezic et al.l 120041 : 
iLupton et all2005l : IPier et al.ll2003HSmith et al.ll2002f ). 

The catalog used here is a volume limited sample 
drawn from t he NYU Value Adde d Galaxy Catalog 
(NYU-VAGC) ([Blanton et al.ll2005ah . The sample goes 
down to M r < —19.0 and has a redshift range of 0.015- 
0. 068. The group findin g algorithm is described in detail 
in IBerlind et al.l (2006) . The group finder is a friends 



of friends algorithm with two linking lengths, one for 
projected distances and one in red shift space. Linking 
lengths are chosen such that the multiplicity function, 
richness, and projected size of recovered groups from sim- 
ulations projected into redshift space are unbiased mea- 
sures. The linking lengths are also chosen to maximize 
the number of groups recovered and minimize the num- 
ber of spurious groups. The velocity dispersions of the re- 
covered groups are systematically low because the group 
finder does not link the fastest moving group members 
to the group. However, as the fastest group members 
are also those most likely to be stripped, not including 
these galaxies biases against observing the signature of 
ram pressure stripping. 

Virial masses and radii for the groups are deter- 
mined by assuming a monotonic relationship between 
group mass and richness and matching a ACDM 
mass function to the m easured group luminosity func- 
tion ([Berlind et al.ll2006h . This assumes no scatter in the 
relationship between mass and richness. In this paper, 
galaxies are grouped by virial mass, and the assumption 
that there is no scatter should not be important. The 
absolute magnitudes used here are k-corr ected and cor- 
rected for passive evolution to z = 0.1 (Bl anton et al.1 
2003b. of). Membership in the red sequence is de fined us- 
ing th e M r dependent color cut presented in iLi et al.l 
(|2006h : g - r > -0.788 - 0.078M r . The i-band Sersic 
index, rii, is defined as h(r) — A exp \— (r/ro)( 1 // ra ')] an d 
its measurement is discussed in iBlanton et al.l (j2003cf ) . 
The HS and the 4000A break are those measured 
by iKa uffmann et al.l (l2003af). The mea surements of the 
SFR are from iBrinchmann et all ([20041 ) and are normal- 
ized to the galaxies' stellar masses. The affect of the 
changing physical size of the spectroscopic fiber's 3 arcsec 
diameter is corrected for in SFR/M* by assuming that 
the relationship between color and SFR/M* is constant 
throughout the disk. This correction may bias against 
observing galaxies with blue colors and low SFR/M* 
and is important for galaxies at the low redshifts of this 
sample. 2 

3. RAM PRESSURE STRIPPING 

iGunn fc Gottl (|1972f ) proposed ram pressure striping 
to explain the observed absence of gas rich galaxies in 
clusters. Galaxies in clusters feel an intracluster medium 
(ICM) wind that can overcome the gravitational attrac- 
tion between the stellar and gas disks and strip the gas 
disk. They introduced the following condition to esti- 
mate when this occurs; 

PiCMV 2 sat < 2irGa*<7 gas . (1) 
The left-hand side is a ram pressure, where picm is the 
density of the ICM and v sa t is the orbital speed of the 
satellite. The right-hand side is a gravitational restor- 
ing pressure where er* and <J gas are the surface densities 
of the stellar and gas disks respectively. Using this con- 
dition they concluded that spirals should lose their gas 
disks when they pass through the centers of clusters. 

Galaxies in nearby clusters are observed to be defi- 
cient in H I and to have truncated gas disks when com- 
pared to field galaxies of similar morphology and op- 
tical size ([Bravo- Alfaro et al.1120001 : ICavatte et all 11994 

2 Hi5, 4000A break. M«, and SFR/M * are available from 
http://www.mpa-garching.mpg.de/SDSS/ 
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iGiovanelli fe Havnesl[T98llSolanes et al.ll2001t ). In addi- 
tion, asymmetric extra-planar gas that appears to have 
been p ushed out of the disk is observed in several Virgo 
spirals (IKennev et al.ll2004at iKennev fe Koopmanlll998l : 
IKennev et al.ll2004bh . These observations can be ex- 
plained by ram pressure stripping, and observing an 
undisturbed stellar disks accompanied by extra-planar 
gas is a strong indication that the gas disk is inter- 
acting with the ICM. Ram pressure stripping has also 
been repeatedly obse rved in simulations of disk galax- 
ies in an ICM wind (lAbadi et all 119991: [Marcolini et all 
2003t lOuiiis et al.lj2000l: iRoediger fc Henslerl 120051 : 
Schulz fc Struckll200lh . 

Paper 1 uses an analytical model of ram pressure strip- 
ping to explore the range of environments in which strip- 
ping can occur and the galaxy masses that are susceptible 
to stripping in each environment. It focuses on the H I 
disk beyond the stellar disk, and stripping of gas from 
within the stellar disk is not modeled. The gravitational 
restoring pressure is found by placing a flat H I disk in a 
gravitational potential consisting of a dark matter halo, 
a stellar disk, and a stellar bulge. The ram pressure is 
determined by letting the satellite orbit in an NFW po- 
tential through a f3 profile ICM. The gas fraction that 
a galaxy is striped of is found to depend on the ratio of 
the satellite mass to the group mass, M sat /M gr , and the 
values of several descriptive parameters. Observations of 
stripped spirals in clusters compare well with the model's 
predictions for large M gr and M sa t- Paper 1 concludes 
that many galaxies, particularly low-mass galaxies, can 
be stripped of a substantial fraction of their outer H I 
disks in a wide range of environments. The specific model 
predictions for the SDSS group catalog are given below 
and the possible effects of stripping the outer gas are 
discussed. 

3.1. Model Predictions 

In this section, the analytic model developed in Paper 
1 is used to predict trends for galaxy colors in the SDSS 
groups. 

The model predicts that the extent of stripping de- 
pends on the ratio M sat /M gr . However, two sepa- 
rate trends should in fact be observed, one with M gr 
at fixed M r and one with M r at fixed M gr . This 
is mainly because the average ICM density of groups 
decreases as M gr decreases, and the average gas frac- 
tion in the disk increases as M sat decreases, which 
shifts the values of M Ra t/M„ r fo r which stripping oc - 
curs ([Sanderson fc Ponmanl [20031 : ISwaters et aLll2002fl . 
In addition there is a strong color magnitude relation 
seen in both groups and the field. Therefore, it is nec- 
essary to in fact observe the change in the difference be- 
tween the red fraction in the groups and in isolation with 
M r rather than the red fraction itself. 

Observing a color or SFR trend due to ram pressure 
stripping requires a group catalog with both an appro- 
priate range of group and galaxy masses and a sufficient 
number of galaxies and groups. A useful group cata- 
log is one in which the effectiveness of stripping varies 
so that trends in f r with M gr and M r are expected. 
The groups in the catalog have masses between 10 12 and 
10 15 M© and the galaxies have -19 > M r > -22. In Ta- 
bles [T] - [3] the model's predictions for the satellite mass, 
M sat , and absolute magnitude, M r , at which a galaxy 



TABLE 1 
Gas fraction = 0.5 



Mv , g r 


Mv.sat 


MtoL = 65 MtoL = 40 


M/L = 90 
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11.2 
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14.0 
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12.0 


-20.6 


-21.1 


-20.3 



is stripped of « 50, 80, 90% of its H I disk are given 
for groups of masses M gr = 10 1343 - 5 ' 14 - 14 - 5 M Q . The 
model galaxy parameters are those from Paper 1 for a 
large spiral. The ICM parameters for M gr = 10 13 M Q 
are from the low-mass group model. The ICM parame- 
ters for M gr = 1O 13 ' 5,14,14 5 M0 are from the middle-mass 
cluster model. The values in Tables 1-3 assume a galaxy 
orbiting inclined to the ICM wind that is stripped of an 
intermediate gas fraction between those expected for a 
galaxy traveling face-on or edge-on to the wind. Total 
mass to light ratios in the r-band of 40, 65, and 90 are 
used to convert M sat to M r . These are a factor 10-15 
higher than the s tellar mass to light ratios of 4-6 found 
for the R-band bv lMarastonl (|1998f ). In Tables 1-3 galax- 
ies with M r < —19 arc highlighted. The predictions of 
the model are not exact, but they do demonstrate that 
the range of M gr and M r in the group catalog is ap- 
propriate for this project. The high-mass groups should 
contain many stripped galaxies, but the low-mass groups 
are capable of stripping few of the galaxies in the sample. 
Though the range in M sat is not as great as the range 
in M gr , in higher mass groups, galaxies with M r = — 21 
and M r — — 19 are stripped of different gas fractions. 

The model also predicts the extent of stripping of the 
hot galactic halo. The galactic halo is modeled by placing 
gas at the virial temperature of the galaxy's dark matter 
halo in hydrostatic equilibrium with an NFW potential. 
It is assumed that the galactic halo is stripped down to 
the radius at which the ram pressure equals the thermal 
pressure. The galaxies in this sample can only maintain 
< 0.5% of their mass in the galactic halo without the 
gas cooling rapidly. Using this mass fraction, the model 
predicts that the galaxies in the group sample have more 
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than 70% of this gas stripped in a 1O 13 ' 5 M group and 
the entire halo is stripped in any group with a mass above 
10 14 M Q . This is an upper limit on the hot halo gas these 
galaxies can retain in the absence of fresh in-falling gas. 
Therefore, it is assumed for the rest of the paper that the 
galactic halo is stripped for all galaxies in the sample, and 
that any observed trends in f r are due to ram pressure 
stripping of the H I disk. 

The size of the galaxy catalog needed to detect strip- 
ping is determined by the scatter in the relationship be- 
tween the fraction of the H I disk mass that is stripped, 
M str , and the satellite galaxy mass, M sat . The scatter 
can be thought of in terms of a distribution of effective 
masses, M e ff, at each physical satellite mass M sat . The 
effective mass is defined such that all satellites with the 
same effective mass are stripped of the same fraction of 
their H I disk. This scatter is substantial. As shown in 
Paper 1, a 1O 11 M galaxy can be stripped as much as 
a 1O 1O M0 galaxy or as little as a 10 12 M Q galaxy. The 
scatter is mainly due to differences in the galaxies' orbits, 
stellar and H I disk scale lengths, and in the density and 
extent of the groups' ICM. Paper 1 discusses the number 
of groups and galaxies a sample must contain in order 
to observe systematic changes in M str with M sat and 
M gr . However, the relationship between M str and color 
is not simple. Therefore, because the connection between 
M str and residing on the red sequence is probably more 
direct, the red fraction will be studied rather than aver- 
age galaxy colors. Galaxies that have been stripped of 
more than a critical gas fraction, M c , should eventually 
join the red sequence. In this picture, the fraction of 
blue disk galaxies entering groups that join the red se- 
quence is the fraction with M str > M c , and the fraction 
of galaxies with a given M sat that join the red sequence 
is intimately related to the distribution of M e ff at M sat . 
If the scatter in M e f / is large compared to the difference 
in M sat or M gr between two sub-samples, the difference 
in the red fraction between the sub-samples should be 
small. For this sample, the scatter in M e ff is similar 
range in M sat , but smaller than the range in M gr . 

To get a rough estimate of the necessary catalog size, 
the number of galaxies needed to observe a difference 
in the red fraction of 0.1 is determined here. As er- 
rors in the colors are small in comparison, it is assumed 
that the scatter in the observed red fraction is given by 
Oy r = /r*(l — frt)/N, where f r t is the true red fraction. 
In the case that two f r t are close to 0.5, approximately 
400 galaxies are needed in each sub-sample to observe 
a difference in the observed red fractions between them 
of 0.1 with 3cr confidence. The scatter in M e ff is due 
to both variations in orbital and satellite parameter val- 
ues, which vary within a single group, and to variations 
in the ICM parameter values, which vary across groups. 
Therefore, this estimate is only valid for a sample that 
includes a large number of groups. The SDSS group 
catalog contains 2700 groups, 15400 group galaxies, and 
22500 isolated galaxies. It is large enough to place 400 
galaxies into reasonable bins in M r and M gr and has 
{N ga i/N gr ) fa 5.5. In other words, the catalog is large 
enough to detect differences in the red fraction as small as 
0.1 with reasonable significance. This demonstrates why 
observations of colors and SFRs in the SDSS groups are 
being used to search for the signal of ram pressure strip- 



ping rather than the more obvious approach of using H I 
observations. Potentially observing a trend due to ram 
pressure stripping requires observing thousands of galax- 
ies, preferably across a wide range of satellite and group 
masses, with uniform determinations of galaxy mass or 
luminosity and group mass. 

The catalog of SDSS groups used for this project covers 
a range of M gr and M r in which stripping should occur 
and across which the degree of stripping should vary. The 
fraction of galaxies that belong to the red sequence will 
be focused on rather than average galaxy colors. This 
is mainly because residence in the red sequence and ram 
pressure stripping should be related in a more straight 
forward manner. It also simplifies comparisons between 
this project and others that use the galaxy color bimodal- 
ity The group catalog should be large enough to observe 
the signal of ram pressure stripping. The range in M gr 
is larger than that in M sat . Therefore, the change in f r 
across the M gr range should be larger. 

3.2. Gas Loss and the SFR 

The model of ram pressure stripping presented in Pa- 
per 1 addresses the stripping of the outer H I disk. Galax- 
ies can be stripped of their inner gas disk. However, this 
probably only happens to the smallest galaxies or in the 
highest density environments. As is seen in Paper 1 and 
reviewed above, ram pressure stripping of the outer gas 
disk occurs for a wide range of satellite masses and en- 
vironments. In this paper, the colors of galaxies, rather 
than H I observations, are used to confront the predic- 
tions of the disk stripping model. It is therefore assumed 
that stripping of the outer H I disk affects galaxies' fu- 
ture SFRs. This section discusses the likelihood that the 
outer gas disk fuels future star formation and the time 
scale on which the SFR should decline if this gas is re- 
moved. 

While disk galaxies are currently forming stars from 
the gas in their inner disks, they cannot continue to form 
stars at their current rate for longer than a few Gyr unless 
this gas is replenished. Outside of groups star formation 
can be sustained by in- fall of new gas into and the contin- 
ual cooling of the hot galactic halo. However, in almost 
any group environment, most galaxies are stripped of 
their hot galactic halo gas and experience no new in-fall. 
If the loss of this gas were responsible for the majority of 
the reddening seen in groups, then all but the brightest 
galaxies would be uniformly reddened in any group with 
an ICM. This is seen for semi-analytic models of galaxy 
colors which include g alactic halo stripping a nd ignore 
the extended H I disk (Weinmann et al. 2006). In this 
scenario the SFR declines slowly as the galaxy consumes 
its inner gas disk. 

Star formation may also be fed by the inflow of gas 
from the outer H I disk. Inflow is expected if there is 
any viscosity in the disk. In-falling gas should often 
join the outer H I disk, and feeding star formation with 
a viscou s disk can be used to form expon ential stellar 
profiles (iBell Il2002t fLiii and Pringk71ll987al lbl). Observa- 
tionallv. [Gavazzi et al.1 (|2006h find that late- type galaxies 
that are moderately deficient in H I as compared to galax- 
ies with the same morphology and optical size also have 
low Ha equivalent widths for their morphology. If star 
formation is fed by gas in the outer gas disk, then galax- 
ies in groups that retain this gas will be able to continue 
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Fig. 1. — Fraction of galaxies that belong to the red sequence, f r , and the fraction with jij > 2.5, / n 2.5i vs M r for different group masses, 
M gr . Stars/solid: Isolated galaxies, that is galaxies not in a group. Diamonds/ 'dash- double- dot: Galaxies in groups with log(M gr (Mo)) < 
13. Squares /dash: 13 < log{M gr (M & )) < 14. Triangles /dash- dot: 13.5 < log(Mg r (M Q )) < 14.5. (a): f r for all galaxies. (b)((c)): f r for 
galaxies with n; < 2.5 (n^ > 2.5). (d): f„2.5 for all galaxies. (e)((f)): f„2.5 for galaxies with g — r < 0.7 (g — r > 0.7). Note that galaxies 
in groups have both a higher f r and a higher f n 2.5 than isolated galaxies, in agreement with previous studies of the relationship between 
color and n; and environment. In addition, f r increases with M gr for all n^. This increase is expected if ram pressure stripping determines 
the group galaxies SFRs and colors, but not if SFRs in groups are set by the stripping of the galactic halo alone. 



forming stars while galaxies that do not will experience 
a decline in their SFRs. In this case galaxies' SFRs and 
colors should depend the effectiveness of ram pressure 
stripping. 

When the gas disk is stripped down to the radius at 
which star formation is occurring, the time scale over 
which star formation declines is determined by the rate 
at which star formation consumes the gas disk. The 
timescale for the decline in the star formation rate can be 
defined as t c = —T^sfr/^sfr, where 'SgpR is the surface 
density of star formation. If T,sfr is related to the gas 
surface density, E# , by a lo cal Schmidt law, T *sfr. oc E^, 
then t c w Sffn/faSsFB n). [KennicuttJ <|1998f ) found that 
Zsfr = 2.5 x l{)-\^ H /lM Q pc- 2 ) lA M e yr" 1 kpc' 2 . 
For E# of order a few Mq pc 2 , this relation gives t c of 
order a Gyr. If star formation is fed by inflow in the H I 
disk, galaxies in groups that retain a significant portion 
of their H I disk can continue to form stars. Galaxies 
that are stripped of their gas disks will experience a slow 
decline in their SFRs with a timescale of order a Gyr. 

4. RESULTS AND DISCUSSION 

In this section the properties of the group galaxies 
are compared to past observations of the relationship 
between galaxy properties and environment and to the 
model of ram pressure stripping presented in Paper 1. 
The timescale of the star formation decline occurring in 
the groups is also examined. In addition, the role of ram 
pressure stripping in determining more general trends in 
galaxy properties is discussed. 

4.1. Comparison with Other Observation and with the 

Model 



In Figures QJ,-c, the fraction of galaxies that belong to 
the red sequence, / r , is plotted against the r-band ab- 
solute magnitude, M r . In Figures [TH-e the fraction of 
galaxies with Ui > 2.5, f n 2.5, is plotted. Figures [Th.,d 
include all galaxies, nj>(c) includes only galaxies with 
g — r < 0.7(g — r > 0.7), and |Tj3(f ) includes galaxies 
with ni < 2.5(ni > 2.5). Figure consists of the same 
set of plots, only for the difference between f r or f n 2.5 
in the groups and in isolation, f gr — fi S . In Figure [3l 
similar plots are made for the fraction of galaxies with 
large 4000A breaks. The four lines correspond to isolated 
galaxies and galaxies in groups of log(M gr (MQ)) < 13, 
13 - 14, and 13.5 - 14.5. Isolated galaxies are defined 
as galaxies that are either in singlets or pairs. The M r 
bins for Figures 1-4 are chosen such that the number of 
galaxies in the middle M gr bin with blue colors is the 
same in each bin. This results in uniform errors across 
the M r bins. The plotted errors in Figures Q] and [3] are 
given by a 2 = /(l — f)/N. These errors are propagated 
to determine the errors for Figures [2] and |U 

The observations presented in Figures Q] and [5] agree 
well with the previous observations discussed in § [TJ Fig- 
ures QJi,c and [2^,,c show that both f r and f n 2.5 increase 
with M gr . As seen most clearly in Figure [2j the ex- 
cess of galaxies with m > 2.5 is smaller than the ex- 
cess of red galaxies. Figure |3] demonstrates that the 
4000A break behaves similarly to the g — r color. These 
relations a re the group-base d counte r part of the obser- 
vation s of iKauffmann et al.l (|20"03bf ) . iKauffmann et al.l 
(|2004D . iBlanton et alj (|2005bf ). and iHogg et alj (|2003l ) 
correlating these properties with local over-density. The 
large f r and f n 2.5 in the groups will also increase the cor- 
relation function due to the higher clustering of groups 
compared to isolated galaxies. The increase in f r with 
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Fig. 2. — Difference between the galaxies in the groups and in isolation in the red fraction, f r ,gr — fr.is, and in the fraction of galaxies 



with m > 2.5, f„2.s, : 



fn2.5,is for different M gr . Symbols and lines are the same as in Figure [T] (a): f r 



fris f° r an galaxies. 

(b)((c)): fr.gr - f r ,is for galaxies with n; < 2.5(rij > 2.5)., (d): / n 2.5,gr - fn2.5,is for all galaxies. (e)((f)): f n 2.5,gr - /n2.5,is for galaxies 
with g — r < 0.7(g — r > 0.7). Note that an excess of red galaxies is observed for all m, but that no excess of galaxies with rii > 2.5 
is seen in either the blue or red sub-populations. This asymmetry has been observed before in studies based on local over-densities and 
conditional correlation functions. Also observe the decrease in the change in f r with decreasing M r (increasing M sa t) for both all galaxies 
and for galaxies with m > 2.5 in the highest M gr bin. This trend can be understood in terms of a model in which the SFRs in groups are 
determined by the effectiveness of ram pressure stripping. A possible reason that this trend is not observed in the rii < 2.5 sub-population 
for the lower two M gr bins is given in the text. 



M gr still appears Figures [TJd and[2jD, which include only 
galaxies with n,; < 2.5. However, in Figures [TJj and 
which include only blue galaxies, a difference in / n 2.5 be- 
tween groups of different mass is not seen. From this it 
can be concluded that the majority of galaxies respon- 
sible for the excess of n, > 2.5 galaxies in the groups 
are red, but the galaxies responsible for the excess of 
red galaxies do not all have n, > 2.5. This asymmetry 
is reflected in the observation by iBlanton et alj (|2005b[ ) 
that color is a better predictor of environment that Sersic 
index. 

The analytic model of ram pressure stripping presented 
in Paper 1 predicts that f r should increase as M gr in- 
creases and as M sat decreases. An increase in f r as 
M gr increases is clearly seen in Figures [1] and [2] In Fig- 
ure [2^, a decrease in f r ,g r — f r ,i as L sa t increases can 
also be seen. While the difference between consecutive 
M r bins is small, for the two higher M gr samples, a clear 
trend is seen across the range of M r and the difference 
m fr.gr ~ fr.i between the brightest and dimmest bins 
is several times the errors. For galaxies with rii < 2.5, 
fr.gr — fr.i increases with M gr and, for the highest M gr 
bin, with M r . The trend in f r . gr — f r .i with M r for all 
galaxies is shallower in the middle M gr bin and is not ob- 
served in Figure [2Jd. Possible reasons for this are given 
below and in § 14.31 

The observed differences in f r in the < 2.5 sub- 
population may not reflect true differences. Both the 
measurement errors for n% and the intrinsic scatter in 
the two rii modes are substantial. Galaxies that scatter 
out of the rii > 2.5 populations into the n, < 2.5 pop- 
ulation have a higher red fraction than those scattering 



in the opposite direction, which tends to make the mea- 
sured / r (n, < 2.5), / rm <, greater than the true value, 
frt<- A consequence of this is that a change in f n 2.5 can 
cause a change in f rm < while f r t< remains unchanged. 
In order to examine this effect and to determine the sig- 
nificance of the observed changes in f r (rii < 2.5) the 
following definitions are made: let n be the percentage 
of the true nt > 2.5 galaxies that scatter into the ob- 
served rii < 2.5 population, t be the percentage of the 
true rii < 2.5 galaxies that scatter in the opposite di- 
rection, and frt<(>) be the true f r in the rii < (>)2.5 
population. At fixed M r , n and t should not change 
with M gr . With these definitions 



fr 



/rt<(l ~ /n2.5)(l - t) + frt>fn2.5n 



(1 - /n2.5)(l - t) + /„2.5«. 



and for small A/„2.5, 

(frt> 



(2) 



A/™ 



A/™ 



frt<) 



n(l-t) 



(1 - fn2. 5 ) 2 (1 - t + nf n2 . 5 /(l - / rl2 . 5 )) 2 



(3) 

A fortunate property of equation ([3]) is that for < n < 1 
and < t < 1, n(l - t)/(l - t+ n) 2 < 0.25, which is a 
useful bound when f n 2.b ~ 0.5. To make a conservative 
estimate of the size of A/ rm < that can be caused by 
the increase in /„2 5 with M gr in the dimmest M r bin, 

let f rt> = 1, frt< = 0.4, /„ 2 .5 = 0.45, A/ n2 .5 = 0.1, 

and n(l - t)/(l - t + n) 2 = 0.25 . With these values, 
A/ rm < < 0.05, which is significantly smaller than the 
observed change in f r {rii < 2.5) between the low and 
high M gr bins. Estimating the size of the induced change 
in frm< with M r is less straight forward because f n 2.5i n, 
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Fig. 3. — Fraction of galaxies with 4000A break measure greater than 1.5, /4000, vs M r for different M gr . Symbols and lines are the 
same as in Figure IT1 (a): All galaxies. (b)((c)): Galaxies with rii < 2.5 (rij > 2.5). (d): Difference in /4000 between galaxies in the groups 
and in isolation for all galaxies. (e)((f)): Difference for galaxies with m < 2.5 (rii > 2.5). The trends in f r seen in Figures [1^,-c and[2^-c 
are also seen in the 4000A break. Some of the differences between color and 4000A break are likely due to the size of the spectroscopic 
fiber. As the size of the galaxy increases, the fraction of the light in the fiber coming from the central region increases. 



and t all change. For the highest M gr bin, / n 2.5 increases 
from ~ 0.5 to ~ 0.8 across the M r range. Again assuming 
that f r t> = 1, the induced change in f rm < is 
/rt<(l-i 2 )+4n 2 / rt <(l-fi) 



ni 



(4) 



1 - t 2 + 4n 2 l-ti+ni 
In general, scatter between the populations tends to 
make f r m< behave similarly to f n 2.5- Contrary to this 
expectation, while / n 2.5 increases, f rm < decreases from 
~ 0.6 to ~ 0.5. If the scatter between the two popu- 
lations decreases as /„ 2 increases, f rm < may decrease. 
However, producing the f rm< and f n 2.5 observed with- 
out a decrease in f rt< requires a somewhat unrealistic 
decrease in n. Assuming that both n and t are between 
0.05 and 0.5, n would need to decrease by at least 70% 
(for example, n\ = 0.5 and n 2 = 0.15 or m — 0.25 and 
ri2 = 0.05 can reproduce the observations with appro- 
priate values of t\ and t<i). It is therefore probable that 
both of the observed trends in / r (n, < 2.5) are real. The 
decrease in /„2.5 with M r may contribute to erasing the 
shallow slope of the correlation of f r>gr — f r ,i with M r 
between Figures [2^ and [2)3. 

The model's predictions refer specifically to the frac- 
tion of the in-falling blue disk galaxies that eventually 
join the red sequence rather than to the difference in f r 
between the group and isolated galaxies. In Figure [4] the 
difference between f r in the groups and in isolation is 
normalized by the blue fraction in isolation. This nor- 
malized difference is an estimate of the fraction of the 
in-falling blue galaxies that join the red sequence. It is 
a rough estimate because the properties of the isolated 
galaxies may not reflect those of the galaxies that ac- 
tually joined the groups. The normalized difference in- 
creases with M gr and for the higher M gr bins decreases 
with L sat , and the increase with M gr is smaller than 
that with L sat . According to the model of ram pressure 



stripping, the small size of the change in the normal- 
ized f r with M r results from the comparable sizes of the 
scatter in M e // and the range of M sat in the sample. 
Rather than an indication that ram pressure stripping is 
not occurring, the existence of a small change with M r 
is expected if stripping is occurring. 

4.2. Timescale of the SFR Decline 

As discussed in § 13.21 the timescale over which a 
galaxy's SFR should decline after the outer H I disk is 
stripped is of order a Gyr. Evolution of the SFRs on 
this timescale is consistent with the galaxies' spectral in- 
dices remaining on the s tandard track in H5 ver sus the 
4000A break, as seen m iKauffmann et al.l (|2004f) . How- 
ever, it is inconsistent with lack of an observable shift 
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Fig. 



— Difference between the red fraction in the groups, 
fr,gr and the red fraction in isolation, f r j s , normalized by the blue 
fraction in the field for each bin, (fr,gr — fr,is)/0-~fr,is)- Symbols 
and lines are the same as in Figure [T] The normalized difference 
is an estimate of the percentage of the in-falling blue galaxies that 
join the red sequence. This plot emphasizes the relative size of the 
trends in f r with M gr and M r . In the disk stripping scenario, the 
change in f r across the range in M gr should be significantly larger 
than the change across the range in M r , as is observed. 



Hester 



13 < log(M gr (M s )) < 14.5 
(o) 



g-r < 0.7 



1.8 2.0 2.2 



Fig. 5.— h<5 vs 4000A break measure, (a): All galaxies in groups 
with 13 < log(M gr (Mo)) < 14.5. (b): Galaxies with g - r < 0.7 
for the same M gr . Galaxies that have had their star formation 
truncated should reside in the upper-right corner of these plots. 
The lack of an excess of galaxies in this region, compared to isolated 
galaxies, indicates that color transformation in the groups is slow. 
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Fig. 6. — Normalized SFR distribution in units of 
log(SFR(M@/yr)/M*(M®)). Lines are the same as in Figured] 
Left: Distribution for all galaxies with SFR/M* > —11. Right: 
Distribution for galaxies with g — r < 0.7. A shift in the SFR/M* 
distribution for the two high M gr bins is seen in both plots, partic- 
ularly in the left panel. The shift demonstrates that a population 
of star forming, blue galaxies with reduced star formation rates 
exists in the groups, and is another indication that SFRs in the 
groups are declining slowly, as is expected if stripping of the outer 
H I disk is driving color and SFR, evolution in the groups. 

in the SFR dis t ributi on for star forming galaxies seen 
in lBalogh et alj (|2004f ). Both of these tests are repeated 
here to determine whether color evolution in these groups 
is fast or slow. 

Figure [5] shows HS versus the 4000A break for 
13 > log(M gr (M Q )) < 14.5 for all galaxies and for 
g alaxies with q — r < 0.7. Compared to Figure 8 
in Kauffm ann et al.l (|2004h , there is no excess of galaxies 
residing above the standard track, where a galaxy that 
has had its star formation abruptly truncated should lie. 
In Figure [S] distributions of SFR/M* are plotted. Fig- 
ure^ shows the distributions for star- forming galaxies, 
log(SFR/M^) > —11, and Figure [6p shows the distri- 
butions for galaxies with g — r < 0.7. For the medium 
and large M gr bins, a clear shift in the distribution of 
SFR/M* is seen for the star-forming galaxies. A KS test 
gives a less than 0.01% probability that the SFR/M* 
distributions in the groups and in isolation are drawn 
from the same sample. Though less visually apparent, a 
slight shift also exists for the blue galaxies. The average 
SFR/M* is slightly lower in the groups than in isola- 
tion, and a KS test gives a 0.5% probability that they 
are drawn from the same distribution. These observa- 
tions are consistent with a decline in the star formation 
rate on timescales of order a Gyr. 

In Figure M the SFR/M* values 
from Brinchm ann et aTl (|2004l ) are used rather than 
the Ha equival e nt wid ths, Wo(Ha), which are used 
in iBalogh et all (|2004h . The SFR/M* are likely a 
better measure of the relative star formation rate in part 



because they measure SFR/M* rather than SFR/L. 
The SF R distribu t ions presented here also differ from 
the IBalogh et al.l (|2004h distributions in that group 
membership is used for all comparisons. When the 
Wo(Ha) distributions for all isolated and group galaxies 
with Wo(Ha) > 4A are compared, (Wo(Ha)) is lower 
for the group galaxies and a KS test rules out the 
possibility that the two populations are drawn from the 
same distribution. This results disappears when only 
galaxies with Wo(Ha) > 10A are considered. However, 
if the galaxies' Wo (H a) are divided by their M*/L z 
ratios, as measured by Kauffm ann et al.l (|2003a[ ). then 
the difference in the Wo(Ha) distributions remain 
regardless of the cut used. In both instances a slight 
difference is also seen in the blue population, and a KS 
test gives a few percent chance that the blue group and 
isolated galaxies are drawn from the same population. 

The size of any shift in the distribution of SFR/M* 
in the blue galaxy population is likely to be small. As 
can be seen in Figure [4j approximately half of the in- 
falling blue galaxies are unaffected by reddening. The 
SFR/M* distribution for blue galaxies is therefore a su- 
perposition of the unaffected blue galaxy population and 
a transiting population of blue galaxies with low SFRs 
that have not yet joined the red sequence. In addition, 
the difference in SFR/M* between an average in- falling 
blue galaxy, \og{SFR/M*) « -10, and the SFR/M* 
at which galaxies appear to leave the blue population, 
log(SFR/M*) w -10.4, is small. Furthermore, the use 
of color to estimate the effect of the finite fiber size on 
SFR/ 'M* biases against seeing a shift in SFR/M* in 
the blue galaxy population. The change in the average 
\og(SFR/M*) in the middle(high) M gr bin is 0.04(0.06). 
If the decay in the SFR is exponential, then placing 
20%(30%) of the blue galaxies halfway along a journey 
from their incoming SFR/AI* to joining the red sequence 
will result in this shift. Therefore, a significantly larger 
shift in the SFR/M* than that observed for the blue 
group galaxies isn't expected. 

The location of the galaxies in this sample in the H5 
versus 4000A break plane and the relative distributions of 
SFR/M* for star- forming and blue galaxies in the groups 
versus in isolation both indicate that galaxies that tran- 
sition between the blue and red populations experience 
a decline in their SFRs on long timescales. This is con- 
sistent with color evolution that is driven by the ram 
pressure stripping of gas from the outer H I disks of blue 
disk galaxies. 

4.3. The Larger Picture 

The differences observed in color and structure be- 
tween the group and isolated galaxy populations can be 
summarized as follows. For both galaxies with rii > 2.5 
and rii < 2.5, the red fraction is larger in the groups than 
in isolation. This can be seen in Figures[l)3,c andO),c. In 
addition, color selected galaxy populations have identical 
rii distri butions both inside a nd outside groups (Fig.[T^,f 
&[2j3,f; (jQuintero et al.ll2005f )). In this section, the role 
that ram pressure stripping may play in this larger pic- 
ture is discussed. 

In isolation, / n 2.5 for red galaxies and f r for galax- 
ies with rii < 2.5 are both large. Therefore, for the 
color selected rii distributions in the groups to match 
those in isolation, the normalized difference in the red 
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fraction between group and isolated galaxies, that is 
(fr,gr — fr,i)/(l — fr,i), must be larger for galaxies with 
rii > 2.5 than for galaxies with rii < 2.5. In addition, 
though the n, distributions within color selected sub- 
samples are identical in the group and isolated galaxy 
populations, the larger red fraction in the groups is ac- 
companied by a larger fraction of galaxies with rii > 2.5. 
Ram pressure stripping can create an excess of red galax- 
ies in groups in both the rii > 2.5 and rii < 2.5 popula- 
tions. In particular, because ram pressure stripping does 
not affect galaxies' structures, it can transform a blue 
disk galaxy into a red disk. Furthermore, a greater frac- 
tion of the in-falling spherical galaxies that have gas will 
be stripped than of the in- falling disk galaxies. However, 
ram pressure stripping cannot account for the structural 
differences that are observed. 

It is worth pointing out that, while in the most massive 
groups in this sample almost no mergers should occur, 
the merger rates i n the low and medium-mass groups 
may be quite high (|Mamo r] |2000h . In addition, N-body 
simulations show that a greater fraction of the halos that 
reside in clusters today under went major mergers in their 
pasts (Gottlob er et al.| [2001). Therefore, the high-mass 
group galaxy population may have experienced an en- 
hanced merger rate in the past while the low- and middle- 
mass group galaxy populations may be experiencing en- 
hanced merger rates currently. In this light, Figure HJa 
becomes interesting. The slope of the correlation be- 
tween f r ,gr — fr,i and M r is shallower in the middle M gr 
bin than in the high M gr bin. Mergers may tend to 
wash out the dependence of f r on M sat in the middle- 
mass groups while the dependence is preserved in the 
high-mass groups. A larger merger remnant fraction in 
the groups may, of course, also account for some of the 
structural differences observed in the group galaxy pop- 
ulations. 

5. CONCLUSIONS 

Observations of the red fraction, f r , the fraction of 
galaxies with a large 4000 A break, ./4000, and the fraction 
of galaxies with rii > 2.5, /„2.5, in the SDSS groups are 
presented in Figures [1] and [21 These are the group-based 
analog of previous observations and are consistent with 
the correlat ions between galaxy properties a n d local envi- 
ronme nt in iKauffmann et alJ (1200311 l2004f ). iHogg et all 
(|2003|) . and lBlanton et all (|2005bD . In addition, the ob- 
served excess of red galaxies in the groups regardless of 
rii makes color a better predicto r of environment, as ob- 
served in iBlanton et alJ (|2005bD . 

In £j |3.1l several predictions are made for the group sam- 
ple using an analyti c al mo del of ram pressure stripping 
presented in iHesterl (|2006| ). In general, the model pre- 
dicts that the red fraction should increase as either the 
group mass, M gr , increases or the satellite mass, M sot , 
decreases. For the SDSS group sample in particular, it 
predicts that mild stripping should occur in the low-mass 
groups while moderate to severe stripping should occur 
in the middle- and high-mass groups. Therefore, differ- 
ences in f r with both M gr and M r are expected if ram 
pressure stripping is driving color change. The expected 
scatter in an effective mass for stripping at fixed M sat is 
smaller than the range of M gr present in the sample, but 
comparable to the range of M sat . Therefore, in the strip- 
ping scenario, observed changes in f r with M r should be 



small while the change with M gr should be larger. In 
addition, if stripping of the outer H 1 disk, along with 
the hot galactic halo, is causing the decline in SFRs in 
the groups, then the timescale of the decline should be 
of order a Gyr. 

The predicted behaviors are observed in the group sam- 
ple. As seen in Figures Hkb,[2hb, and|3J the red fraction 
increases with both M gr and, for the higher mass groups, 
with M r for both all galaxies and galaxies with m < 2.5. 
This is despite a decrease in f n 2.5 with M r . In the lowest 
mass groups, where only mild disk stripping is expected, 
the increase in f r is slight and may be due to galactic 
halo stripping alone. In Figure |4j an estimate of the 
fraction of the in-falling blue galaxies that join in the 
red sequence after entering a group is presented. This 
estimate is the best test of the model's predictions for 
the sizes of the change in f r . As predicted, the change 
in f r across the M r range is quite small while the change 
across the M gr range is significantly larger. As shown in 
Figures [5] and El the positions of the group members in 
the US versus 4000A break plane and the distributions 
of SFR/M* for the star forming and blue galaxies both 
demonstrate that SFRs in the groups are declining on 
timescales greater than a Gyr. These observations all in- 
dicate that the observed color differences in the groups 
are the result of the ram pressure stripping of the outer 
H 1 disk followed by a gradual decline in the galaxies' 
SFRs. 

One alternate scenario for color evolution in groups 
postulates that the two dominate processes in groups are 
galactic halo stripping and mergers. The observed trends 
in Figures [T] and [2] do combine color change for galaxies 
at all values of rii and structural differences which are 
accompanied by color differences. If a galaxy's structure 
is altered, for instance by a major merger, while it orbits 
in a group, then any remaining gas should be quickly 
stripped and the SFR should decline. In addition, if star 
formation in disk galaxies is fed only by the cooling of 
the galactic halo directly onto the star-forming disk, then 
the stripping of this halo will result in red galaxies at all 
M r and M gr . Similar uniform reddening should be seen 
for spherical galaxies. 

The observed trends in f r in Figures [Tkb, [2kb, and [H 
are an excellent match to predictions based on the ram 
pressure stripping model, which is in itself a strong indi- 
cation that disk stripping plays a role in galaxy evolution 
in groups. However, the observation that the red frac- 
tion increases with group mass is particularly strong and 
can be used to differentiate between the scenario pre- 
sented in the previous paragraph and the disk stripping 
scenario. In § 13.11 the model presented in Paper 1 is 
combined with an estimate of the maximum gas density 
that can be sustained in these galaxies in order to place 
an upper limit on the fraction of the hot halo gas that 
the galaxies can retain. All galaxies in both the middle- 
and high-mass groups should be stripped of the majority 
of their galactic halo gas. Considering the small mass of 
the remaining gas and the absence of any new in-falling 
gas, the remaining galactic halo cannot continue to feed 
star-formation in any of these galaxies. This would lead 
to the expectation that f r should not depend on either 
Mgr or M r in these groups. This loose theoretical ex- 
pectation is affirmed by simulations. In N-body based 
semi-analytic models in which star formation is shut off 
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when satellite galaxies enter a g roup, the red fraction i n 
groups is independent of M gr (|Weinmann et al.ll2006f ). 
However, in Figure [TJd a substantial difference in f r is 
seen for groups of different M gr . This difference, which 
is unexpected and must be rationalized in the strangula- 
tion scenario, is easily understood in the disk stripping 
scenario. 

The observations presented in this paper favor ram 
pressure stripping of the outer H I disk as the domi- 
nant driver of color change for disk galaxies in groups. 
Despite this, other processes must occur at some level. 
Galaxies in groups are expected to undergo mergers and 
some merging galaxies will have retained their H I disks. 
In the dense inner regions of clusters stripping of gas from 
within the stellar disk should occur on occasion. Finally, 
even galaxies that retain their disks are stripped of their 
galactic halo and will eventually experience a decline in 
the SFRs. However, for the low redshift groups studied 
here, ram pressure stripping appears to be driving the 
relationships between SFR, color, M r , and environment. 

Sorting out which processes are dominant for differ- 
ent M sat and at different redshifts will require combining 
further modeling and observations. To determine the im- 
portance of ram pressure stripping it is most important 
to understand how galaxies fuel their star formation. Un- 
derstanding trends like those shown in Figures [1] and [5] 
will also require understanding the processes that can 



alter structure. 
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